The clustering of archaeal genes into operons as well as the size of the archaeal genome resembles the organization of the bacterial chromosome (1, 41, 47) . However, the process of gene expression is quite different in the domains Bacteria and Archaea. Unlike that of bacteria, the transcription initiation machinery of archaea is very similar to that of eucarya (1, 2, 15, 26, 39) . The archaeal RNA polymerase is structurally related to the RNA polymerases II of members of the domain Eucarya (26) . In addition, archaeal transcription requires two eucaryallike transcription factors, i.e., the TATA-binding protein (TBP) and transcription factor IIB (TFIIB; the archaeal homolog is called TFB) (11, 15, 16, 18, 45) . The binding site of TBP in many archaeal promoters, like that of the eucaryal RNA polymerase II promoters, is a TATA box located approximately 25 to 30 nucleotides upstream of the transcription initiation site (14, 30, 31) .
In contrast to the growing understanding of the basic machinery of transcription initiation in archaea, our understanding of the mechanisms of the regulation of this process is slight (2) . The few studies that have addressed control of archaeal transcription have been limited to describing modulations of gene expression. Such effects have been reported for several hyperthermophilic crenarchaeotes and their viruses (47) , as well as for some methanogens (5, 6, 28, 29) . The molecular analysis of transcription regulation in hyperthermophilic euryarchaeota is limited to a report of two metabolic enzymes of Pyrococcus furiosus that appear to be upregulated at the transcriptional level by the ␣-linked glucose disaccharide maltose (32) . Recently, more detailed analyses of transcriptional activators from Haloferax spp. and Methanobacterium thermoautotrophicum, which are involved in synthesis of the gas vesicle and the molybdenum-containing formylmethanofuran dehydrogenase, respectively, have been reported (17, 23) .
Here we present a molecular analysis of transcription regulation in P. furiosus, which is able to grow on a wide range of substrates, such as proteins and carbohydrates (9, 13) . Because of this apparent flexible metabolism, it was anticipated that the hydrolytic enzymes involved in polymer utilization are subjected to some form of regulation. In this study, we have analyzed the regulation of enzymes that are involved in the growth of P. furiosus on ␤-linked glucose polymers.
MATERIALS AND METHODS
Sequence analysis of the celB locus of P. furiosus. To complete the nucleotide sequence of the P. furiosus celB locus (44), we sequenced the pyrococcal DNA in pLUW500 covering the 3.5-kb PstI-BamHI fragment, including the adhA, adhB, and lamA genes (Fig. 1) . Nucleotide sequencing was carried out on a model 373A automated DNA sequencer (Applied Biosystems) with a Prism Ready Reaction DyeDeoxy Terminator cycle sequencing kit or on a LiCor 4000L sequencer with a Thermo Sequenase fluorescence-labelled-primer cycle sequencing kit with 7-deaza-dGTP (Amersham) and infrared-labelled oligonucleotides (MWG-Biotech).
Computer analyses of nucleotide and deduced amino acid sequences were carried out with the PC/GENE program (version 5.01; IntelliGenetics Inc.) and the Genetics Computer Group package (version 7.0) at the CAOS/CAMM center of the University of Nijmegen (Nijmegen, The Netherlands) and with the multiple-sequence program CLUSTAL W (version 1.6) available on the internet (BCM Search Launcher; Human Genome Center, Baylor College of Medicine, Houston, Tex.).
Growth and induction conditions. P. furiosus DSM3638 was cultured at 98°C in synthetic seawater as previously described (20) with pyruvate (40 mM), cellobiose (10 mM), maltose (10 mM), or laminarin (2 g/liter) as the growth substrate. Cells were grown for several generations on these substrates to allow adaptation before any analysis was performed. Growth of P. furiosus was monitored by spectrophotometrically analyzing increases in optical density (OD) and by determining hydrogen production with a Packard gas chromatograph. Under these conditions late exponential growth phase corresponds with an OD at 450 nm (OD 450 ) of 0.8 to 0.9. For the induction with cellobiose, cells were grown on pyruvate to an OD 450 of 0.7 to 0.8 and supplemented with cellobiose (10 mM). Samples were taken before and after induction and immediately cooled on ice prior to further processing.
Preparation of cell extracts and enzyme activities. Cells grown to late exponential growth phase were harvested by centrifugation, washed with fresh me-dium, and subsequently resuspended in citrate buffer as described previously (44) . Following sonication to disrupt the cells, the cell debris was pelleted and the resulting supernatant was used as the cell extract for activity measurements and immunological analysis. The ␤-glucosidase activity was determined by hydrolysis of ␤-D-glucopyranoside-p-nitrophenyl (Boehringer Mannheim GmbH, Mannheim, Germany) (20) . Protein concentration was measured with Bradford reagents (Bio-Rad Laboratories), with bovine serum albumin as the standard.
PAGE and Western blotting. Electrophoretic analysis of protein samples was performed by sodium dodecyl sulfate-11% polyacrylamide gel electrophoresis (SDS-PAGE) (25) . Protein samples for SDS-PAGE were prepared by heating them for 5 min at 100°C in an equal volume of sample buffer (0.1 M Tris-HCl, 5% SDS, 0.9% 2-mercaptoethanol, 20% glycerol [pH 6.8]). Proteins separated by SDS-PAGE were transferred to a nitrocellulose membrane by semidry blotting (Bio-Rad Laboratories). Immunological detection was performed as previously described with antiserum raised against the AdhA and LamA proteins purified from Escherichia coli (13) .
Isolation of total mRNA, Northern blot analysis, and primer extension. Cells were harvested by centrifugation, and RNA was isolated with guanidinium isothyiocyanate and ␤-mercaptoethanol as previously described (44) . For Northern blot analysis, 15 g of RNA was separated on a formaldehyde-1% agarose gel. Following gel electrophoresis the RNA was transferred by capillary blotting to a Hybond-N ϩ membrane (34) . Gene-specific probes were obtained after appropriate digestion of DNA from plasmid pLUW500 or pLUW501 (44) , purified with GeneClean (Bio 101, La Jolla, Calif.), and labelled by nick translation (34) . During the hybridizations Southern blots were included to verify the specificities of the probes. Primer extension experiments on the isolated or synthesized RNA templates were done as previously described (16) . The following oligonucleotides were used for the indicated templates: 5Ј-CCA AGA ATA TCC AAA CAT GAA G-3Ј (for celB) and 5Ј-GGC AAT CTT CTC TAA CCT ATC AAC-3Ј (for adhA).
Cell-free transcription system of P. furiosus. Cell-free transcription reactions with partially purified transcription factors and highly purified RNA polymerase (Superdex fraction) were essentially carried out as previously described (16) . Cell-free transcription assays of celB and adhA were performed at 70°C at an optimal potassium chloride concentration of 300 mM (rather than 250 mM for transcription of gdh [16] ).
Nucleotide sequence accession number. The nucleotide sequence of the celB locus ( Fig. 1 ) has been submitted to the GenBank and EMBL data banks and given the accession no. AF013169.
RESULTS
Genetic organization of the celB gene and the lamA operon. Analysis of the upstream flanking region of the previously isolated P. furiosus ␤-glucosidase-encoding celB gene (44) revealed a cluster of three genes. This gene cluster, hereinafter called the lamA operon (see below), encodes two alcohol dehydrogenases (the short-chain AdhA and the iron-dependent AdhB), as well as a ␤-1,3-endoglucanase (LamA, member of family 16 of the glycosyl hydrolases) (Fig. 1) . The functional expression of these three enzymes in E. coli and their subsequent purification and characterization have been described elsewhere (13, 43) . Downstream of the lamA operon is the birA gene ( Fig. 1) , the predicted translation product of which is homologous to the biotin ligase of BirA from Bacillus subtilis (46) . Downstream of the birA gene, on the opposite strand, a (partial) gene has been identified (pgkЈ) (Fig. 1) , the product of which has a high degree of similarity with 2-phosphoglycerate kinase from methanogenic archaea (4, 27) (Fig. 1) .
The celB gene and the lamA operon are separated by a 175-bp intergenic region that is AT rich (71%) in comparison with the average AT content (62%) determined for the pyrococcal genome (7) ( Fig. 1 and see below) . The adhA and adhB genes and the adhB and lamA genes are separated by only 10 and 12 nucleotides, respectively. These intergenic sequences are purine rich and most likely function as ribosome-binding sites. Immediately downstream of the lamA gene a pyrimidinerich stretch of residues (12 pyrimidines of 15 residues) resembling a typical archaeal termination sequence is located (3, 7, 40) . A 41-bp intergenic region separates the lamA operon from the predicted initiation codon of the birA gene, and the 3Ј end of the birA gene overlaps by 12 nucleotides the pgk gene, which is located in the opposite orientation. On the coding strands, both genes are followed by stretches of pyrimidine residues (mainly thymidines) with homology to archaeal termination sequences.
Coregulation of CelB, AdhA, and LamA. Cells of P. furiosus grown on cellobiose (glucose-␤-1,4-glucose) as the sole carbon and energy source were found to contain high levels of activity of intracellular, cellobiose-hydrolyzing ␤-glucosidase (CelB; 12 to 18 U/mg), confirming previous results (20) . In contrast, in pyrococcal cells grown on pyruvate, 10-fold-lower CelB activity was detected (1.5 to 2.1 U/mg). The same P. furiosus cultures were used to detect the products of the lamA operon. Low but significant activities of the alcohol dehydrogenase AdhA and the endoglucanase LamA could be detected in cell extracts and in the medium of a cellobiose culture, respectively. Because no accurate activity measurements could be performed, the presence of AdhA and LamA was analyzed by immunological detection with specific antisera as well. Western blotting clearly indicated that the production of AdhA and LamA was stimulated when pyrococcal cells were grown on cellobiose or laminarin, unlike when cells were grown on maltose (glucose-␣-1,4-glucose) or pyruvate (Fig. 2) . These results indicate that P. furiosus enzymes encoded by the lamA operon and the celB gene are coregulated in response to the ␤-linked sugars cellobiose and laminarin.
For the identification of compounds that could induce CelB activity, cells of P. furiosus were grown on pyruvate, maltose, cellobiose, laminarin, or peptides and subsequently analyzed for the presence of CelB activity and CelB protein. High CelB activity was measured in cell extracts of cells grown on cellobiose or laminarin. In contrast, background levels of CelB were found in cells grown on pyruvate, maltose, or peptides. No Regulation of expression of the celB gene. The effect of the ␤-linked glucose polymers on celB gene expression was studied in more detail in an experiment in which cellobiose was added to a P. furiosus culture growing on pyruvate at different stages of the growth curve. Specific ␤-glucosidase activity was found to increase most rapidly when cellobiose was added in the mid-exponential phase. After addition of cellobiose, the specific ␤-glucosidase activity rapidly increased within 1 h from the background level up to 9 U/mg (Fig. 3A) .
To determine whether the observed induction of CelB takes place at the transcriptional level, Northern blot analysis was performed on samples from an induction experiment in which pyruvate-grown cells were supplemented with cellobiose at midexponential growth phase. A hybridizing band with the expected size of 1.5 kb was obtained with a celB-specific probe when RNA was extracted from induced cells but not from noninduced, pyruvate-grown cells (Fig. 3B) . In the induced cells (with a doubling time of approximately 50 min), the celB transcript was detectable within 10 min after induction with cellobiose and the intensity reached a maximum after 20 min (Fig. 3B) .
Regulation of transcription of the lamA operon in P. furiosus. The presence of CelB, AdhA, and LamA in P. furiosus cells grown on different substrates suggested a coregulation of the celB gene and the lamA operon. To analyze whether the transcription of the lamA operon is indeed induced by cellobiose, we performed Northern blot analysis with total RNA extracted from P. furiosus cells grown on pyruvate, cellobiose, or maltose. Northern blot hybridization with a probe specific for the adhA transcript resulted in a hybridizing band with RNA extracted from cells grown on cellobiose but not with RNA from cells grown on maltose or pyruvate (Fig. 4) . Subsequent washing of the filter and rehybridization with a probe specific for adhB or lamA resulted in the same hybridization pattern as with the adhA-specific probe (Fig. 4) . The hybridization signals were similar for all probes (2.5 to 3.0 kb), indicating that the gene cluster adhA-adhB-lamA is transcribed as a polycistronic messenger; the calculated size of the lamA operon, from the adhA transcription start site (see below) to the lamA stop codon, is 2,803 bp (Fig. 1) . Although the same RNA was used, the transcript of the lamA operon appeared less abundant and less discrete than the transcript of the celB gene, probably due to instability of the longer lamA messenger (see also below). A probe specific for the birA gene revealed a hybridizing band of approximately 0.7 kb on the Northern blot (not shown). It is concluded that transcription of the lamA operon appears to be terminated downstream of lamA, probably at the aforementioned thymidine-rich region.
Transcription initiation. In addition to the previously determined in vivo transcription start site of celB (44), the transcription initiation site of the adjacent lamA operon was identified by primer extension on total RNA extracted from cellobiosegrown P. furiosus. The transcription start site of the lamA transcript could be identified 10 nucleotides upstream of the adhA translation start site (ATG) (Fig. 5A) . At a distance of 25 nucleotides, the transcription start site was preceded by a hexanucleotide sequence that resembles the archaeal TATA box sequence: ATTATA (Fig. 6) (3, 7, 40) .
In a cell-free transcription system for Pyrococcus that consists of TBP, TFB, and RNA polymerase (15), efficient transcription initiation from the promoter of the P. furiosus glutamate dehydrogenase gene (gdh) has been accomplished (8, 16) . This system has been applied to analyze transcription initiation of the divergently orientated lamA operon (Fig. 5A ) and celB gene (Fig. 5B ). Primer extension with the in vitro-produced transcripts of the celB gene and the lamA operon showed that (Fig. 5B) (44) . To compare the in vitro activities of these regulated promoters with that of the strong constitutively expressed gdh promoter, RNA products transcribed from linearized templates were analyzed. When plasmid pLUW504 (44) was cleaved in the celB coding region with BstXI and in the adhA coding region with SalI ( Fig. 1) , the expected runoff transcripts of 185 and 244 nucleotides, respectively, were synthesized (Fig. 5C, lanes 2 and 3) . Quantitation of the runoff products revealed that the activity of the celB promoter was only 1% and that the activity of the adhA promoter was only 0.2% of that of the gdh promoter obtained with the template pLUW479 (Fig. 5C , lane 1) (gdh runoff transcript, 173 nucleotides [16] ). Comparison of the in vitro transcription efficiencies of the gdh, celB, and adhA genes. RNA polymerase, the Superdex fraction of a TFB, and the heparin-Sepharose fraction of a TFA were assayed for specific activity in cell-free transcription system reactions as described in the work of Hethke et al. (16) . Labelled runoff transcripts of the gdh (16) and, after optimization, of the celB and adhA genes were separated on an 8% polyacrylamide-urea gel and identified by autoradiography. Only one-fifth of the product generated with the gdh template was loaded. The arrows label the runoff transcripts and show their lengths in bases.
FIG. 6.
Intergenic region between celB and adhA. The TATA box, transcription initiation sites (ϩ1), and translation start sites (boldface letters and gray shading) are indicated; putative ribosome-binding sites are underlined. Many repeating sequences are present; for clarity, only inverted repeats (I-1 to I-4) and the palindromic sequence (P) are shown; inverted repeat 4 resembles a recognition site for a bacterial transcription regulator (FNR), as discussed in the text.
DISCUSSION
A molecular analysis of the substrate-dependent transcriptional regulation of four genes that constitute the celB locus in the hyperthermophilic archaeon Pyrococcus furiosus is presented. In an in vitro experiment, we recently demonstrated that two glycosyl hydrolases, the celB-encoded ␤-glucosidase and the lamA-encoded ␤-1,3-endoglucanase LamA, degrade the laminarin polysaccharide completely to glucose in a synergistic manner (13) . The physiological model is that extracellular LamA is involved in the partial hydrolysis of laminarin to oligomers, which are imported via an unknown transporter and subsequently degraded to glucose by intracellular CelB.
In this study, we analyzed substrate-dependent fluctuations of CelB and LamA activities. Pyrococcal cultures grown on pyruvate or maltose have background levels of CelB activity, and LamA is not detectable by Western blot analysis. In contrast, at least fivefold-higher activities of CelB and higher amounts of LamA were detected in cultures grown on cellobiose or laminarin than in cultures grown on maltose, pyruvate, or peptides ( Fig. 2 and 3) . Induction studies showed a rapid increase of CelB activity levels upon addition of the ␤-linked glucose polymer cellobiose or laminarin to a culture grown on pyruvate (Fig. 3) . Northern blot analysis revealed that the observed control occurs at the transcriptional level. Activation of celB transcription, within 10 min, resulted in the observed rapid induction response of CelB activity (Fig. 3B) . It is concluded that the celB gene is transcribed as a monocistronic mRNA, probably indicating the functionality of a typical T(C)-rich archaeal termination sequence immediately downstream of its coding region (CCATTTCATTTTTTCTTTGTTTTTT [44] ). Likewise, the lamA transcript could be detected only in total RNA extracted from cells grown on cellobiose or laminarin, indicating coregulation of the divergently orientated transcripts. The effector is probably a ␤-linked glucose disaccharide (cellobiose or laminaribiose) or some unknown derivative (see below).
Analysis of the activity as well as immunological detection indicates coregulation of AdhA and CelB or LamA (Fig. 2) . Moreover, Northern blot analysis showed that the lamA operon is transcribed as a polycistronic mRNA (Fig. 4) . Unlike with LamA and CelB, however, it is less obvious to imagine a physiological link between the additional gene products, the short-chain alcohol dehydrogenase AdhA and the iron-dependent alcohol dehydrogenase AdhB, and laminarin or cellobiose metabolism. A putative function may be the reduction of aldehydes to alcohol, as an electron sink during sugar fermentation; however, only traces of alcohols (ethanol) are detectable among the fermentation products after cultivation of P. furiosus on maltose and cellobiose (19a, 21) . Alternatively, the dehydrogenases may be involved in the oxidative or reductive conversion of saccharides to glucose, which is most likely required for the processing via the ␤-glucosidase and, subsequently, the glycolytic enzymes. In an experiment with a range of primary and secondary alcohols (ethanol to decanol), the purified AdhA oxidized 2-pentanol or 2-hexanol with the highest activity (40 U/mg) (42); sugars such as cellobiose were oxidized but at lower rates (2 to 3 U/mg) (44a). Hence, these preliminary analyses do not rule out the possibility that oxidized or reduced polyols (saccharides) are the physiological substrates for AdhA. However, the physiological implications of the two dehydrogenases being coexpressed with the glycosyl hydrolases will probably remain unclear until the actual physiological substrate(s) for the LamA-CelB system is elucidated.
In vitro initiation of transcription of the celB gene and the lamA operon occurred at the same sites as those identified in vivo ( Fig. 5A and B) (44) . The efficiencies of transcription initiation of the celB and lamA transcripts in the cell-free system were significantly lower than that of the P. furiosus gdh gene (Fig. 5C) (16) . This suggests suboptimal conditions of the in vitro experiment which may have been caused by, for example, the secondary structure of the intergenic promoter region, which contains a number of repeats (see below and Fig. 6 ). One possibility is that these lower efficiencies of transcription initiation reflect the in vivo situation, implying the requirement of a transcription activator to counteract the putative obstruction; alternatively, it cannot be ruled out that the impeded efficiency is due to an artifact of the described in vitro transcription experiment with these particular DNA fragments.
Both of the promoters of the celB gene and the lamA operon contain a TATA box sequence (ATTATA) that closely resembles the P. furiosus consensus [(T/A)TTATA] (41), and both TATA boxes are located 25 nucleotides upstream of the promoters' transcription initiation sites (Fig. 6) . These promoter elements, equivalent to the eucaryal TATA box, have been shown to interact with the TBP and are involved in directing transcription (15, 33) . Based on DNase I footprinting experiments with the P. furiosus gdh promoter, it has recently been demonstrated that TBP results in a footprint between positions Ϫ20 and Ϫ34, centered around the TATA box. In addition, TFB bound cooperatively to TBP generates an extended footprinting pattern ranging from positions Ϫ19 to Ϫ42 (15) . The sequences surrounding the TATA box of both the celB gene and the lamA operon showed a relatively high degree of conservation (Fig. 6 ), possibly indicating a role in modulating transcription efficiency.
The AT-rich celB-adhA intergenic region was further analyzed for potential cis-acting elements. Interestingly, we found a palindromic sequence (GTTTAAAC) located exactly in between the two TATA elements. Moreover, four inverted repeats of at least 5 residues were detected (Fig. 6) . Inverted repeat 4 (TTGAGXXXXCTCAA) has a striking similarity (indicated in bold) to the consensus binding site for the FNR (fumarate nitrate regulation) family of bacterial transcription regulators (TTGATXXXXATCAA) (37) . The location of this putative binding site (54 bp from the adhA and 86 bp from the celB transcription initiation sites) is in agreement with that found for transcription regulators in bacterial systems (12) . As with the E. coli lac operon, potential inducers of the anticipated transcription regulator might be either a substrate (or a derivative of the substrate), namely, cellobiose, laminaribiose, or a reporter molecule such as cAMP. In the last case, the regulator might resemble CRP (cAMP receptor protein), a regulator that is structurally related to FNR (consensus binding site, GTTGAXXXXXXTCAAC [37] ). However, no archaeal FNR or CRP homologs have yet been reported. Hence, the significance of the identified repeats with respect to transcriptional regulation remains to be established.
The fast-growing sequence databases contain a large number of genes that code for archaeal homologs of bacterial transcription regulators (4, 10, 22, 24, 35, 36) . In addition, a number of palindromic binding sites of transcriptional repressors have been reported to be functional in halophilic and methanogenic archaea, although the corresponding repressors have not yet been identified (19, 38) . To the best of our knowledge, the actions of only three archaeal transcription regulators have recently been characterized in considerable detail: (i) the transcription activation of gas vesicle synthesis in Haloferax spp. by a eucaryal-like leucine-zipper-type regulator (23) , (ii) the molybdenum-activated expression of formylmethanofuran dehydrogenase in M. thermoautotrophicum (17) , and (iii) the negative autoregulation by a homolog of the bacterial leucine-responsive regulatory protein (Lrp) in P. furiosus (2a) . Future studies will aim at elucidating the molecular details of the transcriptional regulation described herein, specifically, the actual nucleotide sequence of the regulator's binding site and the identification of this transcriptional regulator.
